This report details a comprehensive study of inertial focusing dynamics and particle behavior in low aspect ratio (h/w ∼ 1/1 to 1/8) spiral microchannels. A continuum of particle streak behavior is shown with longitudinal, cross-sectional, and velocity resolution, yielding a large analyzed parameter space. The dataset is then summarized and compared to prior results from both straight microchannels and other low aspect ratio spiral microchannel designs. Breakdown of focusing into a primary and secondary fluorescent streak is observed in the lowest aspect ratio channels at high average downstream velocities. Streak movement away from the theoretically predicted near inner wall equilibrium position towards the center of the channel at high average downstream velocities is also detailed as a precursor to breakdown. State diagrams detail the overall performance of each device including values of the required channel lengths and the range of velocities over which quality focusing can be achieved. 
I. INTRODUCTION
Inertial focusing is a counterintuitive phenomenon where suspended particles can migrate across streamlines and order deterministically at equilibrium positions within a confined flow. This behavior occurs as a result of inertial forces usually neglected in microfluidics as part of the low Reynolds number or Stokes flow approximation and can be tuned by altering the flow conditions and channel geometry. Briefly, this phenomenon in straight channels is caused by the balance of two forces: a shear gradient lift force directed towards the walls of a channel (due to the curvature of the velocity profile) and a lift force directed away from the wall (due to the interaction between a particle and an adjacent wall). 1, 2 The phenomenon was originally discovered in larger circular cross section pipes (∼11 mm diameter) with larger particles (∼1 mm diameter). 3 With the advent of microfluidics, the observation of the same phenomenon in microchannels has sparked the study of the alignment and ordering of particle suspensions in finite Reynolds number flows. [4] [5] [6] A review of the field of finite Reynolds number flows and its applications is available from Di Carlo. 7 Applications of these phenomena have grown in number as well and include devices designed for separation of bacteria 8 and platelets 9 from blood, cell cycle synchronization, 10 single cell encapsulation for secretion analysis, 11 water filtration, 12 and cytometric signal enhancement. 13 Inertial focusing represents one passive technique used to manipulate and separate cells on the microscale without an externally applied force or field, in addition to hydrophoresis, 14 deterministic lateral displacement, 15 and gravitational methods. 16 There are also a plethora of active techniques including dielectrophoresis, [17] [18] [19] magnetophoresis, 20 and acoustophoresis. 21 Several reviews comparing these different techniques are also available in the literature. [22] [23] [24] [25] Inertial focusing combines the benefits of a passive technique with extremely high throughput (milliters per minute), which distinguishes it from other hydrodynamic mechanisms for cell manipulation. a) Author to whom correspondence should be addressed. Electronic mail: joseph.m.martel@gmail.com.
Although inertial focusing in straight channels has been very well characterized, 6, 26, 27 curved channels have received less scientific attention, despite their promise for enhancing particle focusing. The addition of curvature enables the development of a secondary flow, which enhances the lateral motion of particles across the channel by imposing a drag force on the particles and alters the equilibrium positions by redistributing the velocity profile. The magnitude of this secondary flow is characterized by the non-dimensional Dean number (De = Re C (D h /2R) 0.5 ) where R is the average radius of curvature of the channel, Re C is the channel Reynolds number (Re C = 3ρU Avg D h /2μ) in which ρ is the fluid density, U Avg is the average downstream fluid velocity, μ is the dynamic viscosity of the fluid, and D h is the hydraulic diameter (D h = 2hw/(h+w)), where h and w are the height and width of the channel, respectively. Most of the previous work in the area of inertial focusing in curved channels is based on spiral geometries (one direction of curvature) as a means of separating differently sized species based on the large difference in Dean drag on the particles. 10, [28] [29] [30] However, these reports only investigate a single channel geometry. Other types of curved channels described in the literature incorporate an alternating curvature which complicates the flow patterns and velocity redistribution to a level yet to be understood in terms of its effects on inertial focusing behavior. 31, 32 This paper presents an investigation of inertial focusing in spiral microchannels of varying widths providing missing pieces to the overall inertial focusing parameter space. Figure 1 contains (a) cartoon representations of the flow conditions within curved microchannels of different widths, (b) the velocity profile for the main channel flow, and (c) the secondary Dean flow velocity profile. These flow profiles are representative of the competing mechanisms that affect inertial focusing behavior in curved channels and how each mechanism depends on the channel width. First, the inertial lift decreases as D h increases, since the velocity profile becomes flattened and the shear gradient decreases as seen in Figure 1(b) . Next, the wall effect component of the lift force has a more complicated dependence on D h , but it is a shorter ranged effect that is not the primary cause of transverse particle motion across any of the channel widths. 1 Finally, the Dean drag on a particle increases with D h 1.5 and becomes stronger as the width increases which is apparent in Figure 1 (c).
FIG. 1. (Color online)
Schematics of the different flow profiles and associated forces in curved channels of differing widths at inertial focusing velocities. Theoretical particle equilibrium positions are presented along with the directions and magnitudes of the secondary flow velocity (vectors and streamlines). The main flow velocity profile at the center of the channel height or the horizontal cross section going into the page is given as well as the Dean flow velocity (components tangent to the main channel flow) at the midline of the channel width or the vertical cross section. Note the slightly off center main flow velocity profiles are due to the Dean flow transferring the momentum of the faster moving fluid in the center of the channel towards the outer wall.
At some critical channel width, the motion of particles across the channel will be dominated by Dean drag rather than inertial lift forces. This switch in dominant means of particle transport across the channel should become apparent in the focusing dynamics along the channel. By direct visualization and measurement of inertial focusing behavior in such devices, it is possible to elucidate the underlying fluid physics. Expanding our understanding of inertial focusing in curved channels will assist in the development of basic design rules for future high-throughput biomedical devices. Moreover, the functional limitations of these devices and the driving mechanisms for inertial focusing in spiral microchannels can be understood by examining the dynamics at the device outlet as well as along each channel.
II. METHODS

A. Microchannel design
The devices were designed by setting a radius for each consecutive turn for all of the different channel widths. These radii were chosen based on geometric requirements for the inlet and outlet as well as having at least 1.5 times the channel width in bonded area between adjacent curves. Full 180
• sections of curvature were added to a shorter first turn needed to create enough bonded area around the inlet until the device was approximately 6 cm long. The device design as well as the turn radii and their corresponding Reynolds and average Dean number values for each cross section can be found in Figure 2 . Since both Reynolds number and Dean number are implicated in inertial focusing in curved channels, results will be presented versus U Avg , or the average downstream velocity for ease of viewing. Plots versus Dean number, channel Reynolds number and particle Reynolds number are available in the supplemental material.
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B. Microchannel fabrication
Standard SU8 photolithography and soft lithography were used to fabricate the master mold and the polydimethylsiloxane (PDMS) microchannels, respectively. Briefly, negative photoresist SU8-50 (Microchem Corp., Massachusetts) was spun at 2650 rpm to a thickness of ∼50 μm, exposed to UV light through a mylar emulsion printed photomask (Fineline Imaging, Colorado) and developed in BTS-220 SU8-Developer (J.T. Baker, New Jersey). A 10:1 ratio mixture of Sylgard 184 elastomer base and curing agent (Dow Corning, Michigan) was then poured over the raised mold, allowed to cure in an oven at 65
• C for 8 h and then removed from the silicon/SU8 master. Inlet and outlet holes were punched using custom sharpened needle tips. The devices were then cleaned of particulate using low-residue tape and oxygen plasma bonded to pre-cleaned 1 mm thick glass microscope slides. Due to the high driving pressures required for the smaller channels (50 and 75 μm widths), 0.06 in. outer diameter Tygon tubing (Greene Rubber, Massachusetts) otherwise press fit into the inlet and outlet were chemically bonded to the PDMS using a Loctite R Medical Grade epoxy.
C. Particle suspensions
A 250,000 beads/ml concentrated solution was created using Thermo Scientific 10 μm diameter green fluorescent aqueous microspheres (ρ P = 1.050 g/ml) added to a solution of equivalent density comprising 5.4 parts deionized water (ρ W = 1.000 g/ml) and 1 part Optiprep R density gradient solution (ρ I = 1.32 g/ml) (Sigma-Aldrich). Tween 20 was added to prevent particle aggregation at a volume percentage of 0.1%. This suspension was mixed and filtered using Beckton Dickinson 40 μm Cell Strainers R to remove PDMS debris and any dust particulate. These solutions were then loaded into syringes and injected into the devices using a Harvard Apparatus PHD Ultra syringe pump. The devices were primed with a 1% v/v Tween 20 solution in deionized water prior to each experiment.
D. Fluorescent imaging
Using an automated Nikon TiE inverted microscope with a Retiga 2000R monochromatic camera, multi-position long exposure streak images were taken at 38 different positions along each spiral microchannel using Nikon NIS-Elements AR 3.10 software. Exposure times were varied to account for the magnification being used and the number of events per second at a given flow rate for each device ranging from 250 ms to 1 s. Three consecutive images were taken at each position at each flow rate then averaged together. Approximately 30 s were allowed between each flow rate for pressure stabilization. Each averaged fluorescent streak image gathers positional data from over 1000 individual particles.
E. Data analysis
Five distinct cross-sectional intensity profiles were measured per imaging position (38 positions along channel) in a custom MATLAB program, which were then averaged. The cross-sectional intensity profiles were analyzed for the streak width and position within the channel using dual thresholds (50% and 5% of maximum intensity). Streak width was determined by measuring the distance between the points where the intensity profile crossed the 5% threshold. Focusing was considered achieved when the streak width became lower than 3.8 times the particle diameter, a, equivalent to two particle diameters at the 50% threshold except that it captures the lower intensity secondary streaks when present. Streak position was taken as the middle of the 50% threshold detected streak, nominally the position of the peak intensity in each cross-sectional intensity profile. These analyses were completed for each position on each device at 19 different flow rates per device.
F. Straightened image generation
To investigate and compare the dynamics of inertial focusing behavior between different width devices, it was necessary to create a representation of the focusing behavior along the channel. This was accomplished by stacking the intensity profiles from each of the 38 imaging positions and converting the resulting matrix to an image format which was smoothed and scaled in each dimension separately accounting for the increasing spacing between imaging positions along the channel and for the different channel widths.
G. Flow simulations
COMSOL Multiphysics finite element software was used to simulate the Newtonian fluid flow conditions within different aspect ratio channels without any particle approximations. Each model was solved using the FGMRES iterative solver. The element size and quality was adapted based upon computer memory restrictions and the actual size of the model for each width. Maximum element size at the outlet was kept constant at 5 μm. An array of vectors for velocity was exported and then the average magnitude of the fluid velocity in the transverse direction to the channel, U Dean,Avg , was calculated.
III. RESULTS AND DISCUSSION
A. Inertial focusing behavior at device outlets
Inertial focusing behavior was first classified by the position and width of the particle distribution at the outlet of a device, where particles have been exposed to the inertial lift and Dean drag forces for the longest amount of time. Figure 3 presents the raw images at the outlet of each of the devices over a select range of flow conditions. A cross-sectional view of each spiral device is given on the left with adjacent brightfield images of the outlet of each device. The same imaging position was used for the next four fluorescent streak images at different average downstream velocities increasing from left to right. In each fluorescent streak image, the flow is from left to right into the diverging section where the outlet tubing opening is located. In general, the devices exhibit similar trends, with a critical threshold velocity for inertial focusing that scales as ∼1/D h . This inertial focusing behavior tends to remain stable over some range of flow conditions, which is consistent with previous results. 7 Although these images are helpful for qualitatively visualizing trends at different U Avg and channel widths, they are not sufficient for assessing more subtle quantitative differences in streak width and position. Thus, these values were measured from the images in Figure 3 and other similar ones for all channel widths and velocities. The results of these measurements are presented in Figure 4 where both streak width and position normalized by particle diameter are plotted versus Image scale bars are 50 μm. Note that these images were acquired at different magnifications to optimize spatial resolution, so the channel sizes appear to be similar in the images.
FIG. 4. (Color online)
Device schematics (a) with arrows indicating the difference between the increasing and decreasing Dean number cases (inlet and outlet reversed). Quantitative comparison of normalized streak width (b) and normalized streak position (c) or the distance from the inside wall normalized by the particle diameter for cases of both decreasing (top) and increasing (bottom) Dean number along the device. The gray area indicates that the streak width is greater than 3.8 particle diameters at the 5% threshold.
the average downstream velocity. These plots show streak width on the left (Fig. 4(b) ) and streak position within the channel cross section on the right (Fig. 4(c) ) measured from the inside wall of each curve. Each point on the plots describes a single measurement at the outlet of a device at a given downstream velocity. The points are grouped by channel width. In order to investigate the parameter space further with the same devices, each was run backwards from largest radius to smallest radius turn, in other words, increasing in Dean number, whereas the previously discussed cases describe a decreasing Dean number situation. The top row of plots in Figure 4 presents the results from the decreasing Dean number case and the bottom row presents the increasing Dean number case. Since the plots are only describing outlet behavior, the main difference between the two cases at the same average downstream velocity is the instantaneous Dean number at the position of measurement. The history of Dean flow along the device may also have an effect on the outlet behavior, but since the overall behavior was quite similar it was believed that the upstream flow field had a greater effect on focusing dynamics rather than the outlet behavior.
The quantitative measurement of streak width and position in Figure 4 reveals that the stable range of inertial focusing is narrower for the wider devices as the streak tends to shift away from the inner wall at higher average downstream velocities. The streak movement away from the wall has been previously observed and explained through Dean drag increasing faster than inertial lift at higher Reynolds numbers. 1, 29, 31 Unexpectedly, at much higher downstream velocities (∼2 m/s) in the wider devices, the focusing behavior breaks down causing an increase in streak width. There is also a strong correlation between streak position and width, since the minimum streak width occurs at or near the closest approach to the wall. This result can be explained by the dominance of inertial lift forces, which vary most strongly at the equilibrium positions and would cause tighter focusing when this position is close to the wall. Finally, it should be noted that the Dean flow will alter the velocity profile across the channel, but the Dean flow velocities are considerably slower near the equilibrium positions than they are elsewhere in the channel cross section. As a result, inertial lift forces should dominate the behavior.
When comparing the outlet behavior between decreasing and increasing Dean number cases, presented in Figure 4 , the streak width and position generally follow the same trends but exhibit several key differences. First, for the increasing Dean number case, the streak position shifts towards the center of the channel and the magnitude of this shift grows with increasing downstream velocity. The shift in streak position is similar to data for a 500 μm wide spiral device in the literature, although the constant and linear streak position versus Dean number relationships separated by a critical Dean number are not as apparent in the current devices. 29 This may be due to differences in flow patterns as their devices were taller (90-170 μm). Second, the minimum streak width varies less in the increasing Dean number case (standard deviation = 0.27a, mean = 1.85a) versus the decreasing Dean number case (standard deviation = 0.67a, mean = 1.87a). This change could indicate that the stronger Dean drag forces at the outlet of the devices in the increasing Dean number case create more steeply varying force field around the equilibrium position causing a lower streak width. Finally, when comparing the decreasing to increasing Dean number cases, there is a shift in the velocity at which minimum streak width is achieved for the larger width devices, from 1.48 m/s to 1.73 m/s for the 400 μm wide device and 1.60 m/s to 1.70 m/s for the 300 μm wide device. This may be due to the Dean number at the outlet or upstream effects of initially focusing at lower Dean numbers, which suggests there may be an optimal Dean flow for focusing performance in a given cross section.
B. Ratio of forces threshold for achieving quality focusing
Other investigators have provided a non-dimensional factor as a possible means of characterizing inertial focusing flows in curved channels defined as the ratio of shear gradient lift to Dean drag forces, R f . Different approximations have been used for this factor due to the complex relationship among position in the channel, velocity and the inertial lift, and Dean drag forces. 26 Of the two main formulations, the first ignores velocity variation altogether in order to make the value more accessible as a design parameter, 31 and the other uses an approximation of the secondary Dean flow velocity only valid for a single device cross section (170 μm tall and 200 μm wide). 29 Both approximations accurately predict that each width spiral used in the current experiment is capable of focusing 10 μm particles, but only the second attempts to predict the velocity at which focusing will initially occur. However, the R f value at which focusing is initially predicted varies with width based upon the second approximation. In an attempt to decrease the variability of this threshold value, COMSOL simulations were completed to get the average Dean flow velocities, U Dean,Avg , for each device width. A power fit of U Dean,Avg versus Dean number similar to previous scalings was generated with an exponent of approximately 1.4 for all the devices simulated. 33 This plot is available in the supplemental material 34 as well as the calculated power fits. These more accurate values for U Dean,Avg are incorporated into the second approximation of R f defined in Eq. (1), where the shear rate G = U Max /D h , where U Max is approximated as 3 2 U Avg , and C L is a lift coefficient which is a function of cross-sectional position and Reynolds number,
The more accurate Dean velocities reduced the variability of the threshold between the different width devices drastically as shown in Table I , which compares the second approximation with the new adjusted one. ) increasing Dean number cases. The symbols along each device line are indicative of when the streak width initially goes below the 3.8 particle diameter threshold (circles), the minimum streak width (plus signs) and the streak breaks down or when the streak width goes above the 3.8 particle diameter threshold (×s). The channel width for each line increases from the top line (50 μm width) to bottom line (400 μm width) as in the legend.
While the new adjusted parameter gives a single threshold (R f ∼ 1) for achieving focusing, a useful value in device design, it still cannot accurately predict the minimum streak width in the different width devices. Figure 5 presents the calculated R f values for the different width devices versus U Avg . Along each line are all of the tested R f values for each device width. Certain R f values are marked for each device when focusing is initially achieved (circles), the minimum streak width is achieved (plus signs), and where breakdown occurs, in other words, when the streak width goes back above 3.8 particle diameters (×s).
The widely varying R f values for the minimum streak width may indicate that a different balance between forces is required in each device cross section to achieve optimal focusing. It is also interesting that the minimum streak width does not occur at the highest values of R f where the inertial lift forces are strongest. While the ratio R f has been useful in the design of single devices for particle-size-based separation, in its current cross-sectional averaged form, it is not specific enough to account for the range of streak width and position behaviors between devices of different widths even with the simulated Dean flow velocities, for both the increasing and decreasing Dean number cases.
In order to determine the most appropriate parameter for comparing and predicting the performance of curved inertial focusing devices, it will be necessary to examine the constituent parts of R f more closely. For example, the dominant forces that control inertial focusing behavior are governed by several other non-dimensional parameters such as particle Reynolds number, Re P , and Dean number. The particle Reynolds number incorporates the confinement of a particle within the channel, Re P = Re C (a 2 /D h 2 ), where a is the particle diameter. The specialized Reynolds number along with channel aspect ratio are the main factors determining the number and location of equilibrium positions. As these equilibrium positions change, the Dean flow velocities that particles at those positions are exposed to also change. Since Dean number changes linearly with Re C , changing the velocity of a fluid is insufficient for decoupling the effects of De and Re P . To this end, a brief investigation into decoupling the effects of arguably the two most important non-dimensional values for inertial focusing in curved channels can be accomplished comparing the increasing and decreasing Dean flow cases. At each Reynolds number, two different Dean number values at the outlets of the devices could be compared. While the sample size is very small, the predicted streak positional shift towards the center of the channel is present, but overall the streak behavior throughout the devices is very similar. It is possible that decoupling these effects is more important in some regimes than others depending on the equilibrium positions and the relative effects of Dean flow as those positions change. Therefore, addressing the change in curvature as a means of isolating the effects of Dean number on focusing behavior should be one of the next steps towards understanding and predicting inertial focusing behavior in all curved channels. 
C. Inertial focusing dynamics
Understanding the dynamics of inertial focusing requires going beyond the equilibrium streak behavior at the outlet to characterize the particle distribution throughout the device. The spiral geometry can be more easily visualized by straightened images clearly showing the streak width and position along the entire channel as well as the channel length required for focusing. Figure 6 shows the steps for generating a straightened image detailed in Sec. II with example positional images, intensity profiles, and the resultant straightened image for a 400 μm wide device at an average downstream velocity of 1 m/s. Figure 7 presents comparative straightened images for six different average downstream velocity conditions increasing from left to right for all six different width devices in the decreasing Dean number case. The same plots are given for the increasing Dean number case in the supplemental material. 34 These straightened images clearly illustrate the previously described dynamic behaviors where focusing is achieved at lower velocities and shorter distances in the narrower devices. The streak movement away from the wall can also be seen to increase with increasing velocity in the wider channels. Despite the motion of the streak away from the wall, the position of closest approach to the inner wall remains stable near the outlet of the device. Movies showing the complete set of straightened images for each width at all of the different average downstream velocities tested are available in the supplemental material. 34 These movies also show the streak breakdown occurring at higher average downstream velocities for the 300 and 400 μm wide devices, which can also be seen statically in Figure 7 (f). Figure 2 for all channel widths. Dark blue is low intensity and red/white is high intensity seen when a focused streak is formed. All images are for decreasing Dean number devices.
Other interesting observations include that the streak breakdown seems to begin when the streak initially focuses to the center of the channel rather than the inner wall. Perhaps even more interesting is comparing these straightened images between the decreasing and increasing Dean number cases, as the behavior is strikingly similar. The increasing Dean number case straightened images are available in the supplemental material. 34 Despite lower Dean number values during the initial focusing, the channel length required is very similar. This may indicate that both Dean number values are within a range that is above a critical value causing the single equilibrium position but not yet to the value where Dean mixing is stronger than the inertial forces. From these images it appears that there is a large change qualitatively in the focusing between the 100 μm and 200 μm wide devices possibly indicating the critical width at which Dean forces become more important in terms of achieving a quality focused streak. Unexpectedly, in the increasing Dean number case, the streak still moves towards the inner wall for the 200 μm and wider channels. This is the opposite of the expected result given the increase in Dean number toward the outlet of the device. One possible explanation is that there is substantial deformation of the channel near the inlet of the device causing different cross-sectional shapes and therefore different equilibrium positions. Alternatively, the Dean flow may not be fully developed over this distance in the wider channels causing this difference.
D. Stability versus particle confinement
Since streak width and position are strongly correlated, the compiled dataset can be mapped as a state diagram of velocity, distance along the channel, and a measure of streak width relative to the channel width. These are given in Figure 8 , for the decreasing Dean number case, for each channel width (a)-(f). The increasing Dean number case state diagrams can be found in the supplemental material. 34 The streak width is presented as the channel width divided by the streak width as a measure of the particle confinement within each channel cross section, ψ. Each state diagram shows two regions, one, where the streak width is less than 3.8 particle diameters (unfocused -bottom of colorbar), and two, the area of the parameter space where focusing is achieved (min particle confinement to max particle confinement -light to dark on colorbar above unfocused threshold). The size of this area is used as a measure of the stability of the focusing, ζ . The maximum confinement, ψ Max , indicative of the minimum streak width for each device, and stability values, ζ , are presented in a summary plot (Fig. 8(g) ).
The performance of these devices with increasing width is subject to two competing mechanisms. First, the confinement increases with increasing width. This is an extremely important performance A plot (g) of the actual maximum particle confinement for each device and the corresponding amount of the parameter space where focusing was achieved. Guidelines for the maximum particle confinement (dashed) and focusing stability (dotted) are given as well.
metric for lab-on-a-chip applications, such as sample concentration and volume reduction. However, the stability, defined as the operating range of lengths and flow rates where the quality focusing can be achieved, decreases with increasing width. Achieving robust focusing is also important given the complex nature of biological fluids and the sample-to-sample variability based upon health and age of the patient. This issue will be investigated further in future studies, using multiple sizes of particles for a single device to determine the ideal operating regime for polydisperse samples.
Although the maximum particle confinement is linear over the range of device widths tested, the slight increase in the measured streak width and steady decrease in stability suggests that there may be a maximum width for a given length device at which focusing can no longer be achieved. The stark transition in behavior between the 100 μm and 200 μm wide devices can also be seen in these state diagrams again indicating the transition to Dean flow dominated focusing behavior.
The breakdown of focusing is also visible in these plots at higher velocities (decrease in particle confinement moving left to right after the point of maximum particle confinement, especially at the end of the device or the top of each diagram) as well as the channel length required for each width and flow rate in order to achieve focusing (minimum distance up the vertical axis to a particle confinement equivalent to the channel width divided by 3.8 particle diameters marked by the end of the unfocused region in Figure 8 ). This distance decreases with increasing downstream velocity similar to the expression for straight channels presented by Di Carlo 7 but must be adjusted in order to incorporate effects of Dean flow, as the secondary flow assists the focusing in the larger channels where the inertial lift driven migration would be much slower without the additional Dean drag force component. A comparison of the previously reported scaling for straight channels compared to the data from the current experiments is available in the supplemental material.
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E. Inertial focusing breakdown at high U Avg
A common thread throughout the results is the breakdown of the focusing at higher average downstream velocities. A closer inspection of this occurrence shows that the breakdown appears as the formation of two separate streaks after moving away from the wall. One of these two streaks FIG. 9 . (Color online) Device schematic for streak breakdown image. This specific video frame is from a increasing Dean number experiment (flow from outside to inside of spiral as labeled from inlet to outlet). U Avg = 2.667 m/s. A video of the repeatability of this behavior can be found in the supplemental material. 34 remains at a seemingly constant position, while the other (actually two streaks mirrored across the center of the channel height) moves toward the center of the channel. Figure 9 presents an image of this breakdown within the 400 μm wide channel in the increasing Dean number condition with the different streaks labeled and matched with their approximate cross-sectional positions in a diagram of the cross section. A movie showing that the behavior is highly reproducible is given in the supplemental material. 34 It should be noted that the multiple streaks are treated as a single wide streak in our analysis. In actuality, although the single streak formation breaks down, each individual streak retains a low but discrete streak width. It is also clear, based upon relative streak intensities, that more particles remain in the two vertically mirrored streaks rather than the one closer to the wall indicating that this position is less stable or simply encompasses a smaller area of the cross section with respect to initial positions of the particles. A more detailed investigation of this breakdown and its corresponding spatial structure is necessary to determine the specific mechanism causing the behavior.
IV. CONCLUSION
Inertial focusing dynamics and streak behavior in different width spiral microchannels are presented over a large parameter space. The rich inertial focusing dynamics observed in curved channels will be advantageous for future generations of medical and scientific devices but also merit further study to elucidate the underlying physical mechanisms and their associated limitations. This initial report lays a foundation for a deeper quantitative analysis of inertial focusing in curved channels as well as establishing the framework for the parameter search. Ultimately, unraveling the complexities of these behaviors in curved channels will require the decoupling of Reynolds and Dean numbers in these microfluidic geometries as well as the equilibrium position behavior in the different aspect ratio channels.
